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Abstract

Bacterial nitrate (NO3; ™) -reducing Fe(ll) oxidation is often regarded as an autotrophic process, although its long-term sustain-
ability is rarely demonstrated. Here, we assessed whether Geobacter metallireducens (ATCC 53774) can sustain chemolithoau-
totrophic nitrate-reducing Fe(ll) oxidation. Cultures were incubated with Fe(ll) and NO;~ as electron donor and acceptor,
respectively, and CO, as the sole carbon source. Negative controls contained either (1) electron acceptor, (2) donor or (3)
no substrates. We found that first-generation cultures transferred from a washed NO;~/acetate-grown preculture oxidized
21.041.3% (2.09+0.14 mM) of 10 mM Fe(ll) and reduced 5.243.9% (0.20£0.15 mM) of 4 mM NOs~. Nitrite remained below
the detection limit and ammonium increase was not observed while total N,O accumulated up to 31.34+1.90 uM. However,
following transfers under organic-free conditions did not sustain Fe(ll) oxidation. Further, we did not observe a decrease in
nitrate, although we found low N,0 formation of total 9.10+0.42 M and 14.10%3.90 uM in later generations. These results
demonstrate that G. metallireducens does not sustain autotrophic nitrate-reducing Fe(ll) oxidation, although it may contribute
to coupled Fe(ll) oxidation and nitrate reduction in organic environments.

Keywords nitrogen cycle, iron cycle, chemolithoautotroph, microbial Fe(ll) oxidation, non-autotrophic nitrate-reducing Fe(ll) oxidation, Geobacter
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Introduction

Bacterial nitrate-reducing Fe(ll) oxidation is an important environ-
mental process linking the nitrogen and iron geochemical cycles
(Kappler et al. 2021). Nitrate reduction produces climate-relevant
gasessuchasN,0and NO asintermediates (Qi etal. 2025). N,Oisa
potent greenhouse gas due to its long atmospheric residence time
(~109 years) and strong infrared absorption capability (Forster et
al.2021). Furthermore, photolysis of N, O in the stratosphere yields
active nitrogen oxide radicals (NO), which drive ozone depletion
(Ravishankara et al. 2009). Fe(ll) oxidation in soils and sediments
influences their iron speciation and mineralogy, thereby impact-
ing ecosystem functioning by regulating nutrient availability and
heavy metal solubility (Chauhan et al. 2024, Drabesch et al. 2024,
Grimm et al. 2024).

Due to the high nitrate load from agriculture and locally high
iron occurrence in the environment (Rivett et al. 2008), denitri-
fying Fe(ll)-oxidizers have become a research focus in environ-
mental science and waste water treatment, in particular as a po-
tential eco-friendly strategy for bioremediation of nitrate-polluted
groundwater (Zhang et al. 2016, 2018, Jokai et al. 2021). Fe(ll)
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oxidation in the presence of nitrate and denitrifying bacteria
may follow two distinct mechanisms. The first mechanism results
from bacterial nitrate reduction, which produces reactive nitro-
gen species that spontaneously oxidize Fe(ll) through chemoden-
itrification (Serensen and Thorling 1991, Tai and Dempsey 2009,
Jamieson et al. 2018). The second mechanism is enzymatic, with
denitrifying bacteria directly coupling Fe(ll) oxidation to their
metabolism (Bryce et al. 2018, Becker et al. 2021). As an umbrella
term, bacteria causing one or both mechanisms are often referred
to in the literature as nitrate-dependent Fe(ll)-oxidizing bacteria
(NDFeOx). While this terminology reflects the dependence of Fe(ll)
oxidation on the presence of nitrate, it may be misleading because
it could also be interpreted as a dependence of the bacteria on
nitrate as a nitrogen source for assimilation. Therefore, we avoid
this terminology. Bacteria carrying out enzymatic Fe(ll) oxidation
we consistently referred to as nitrate-reducing Fe(ll)-oxidizers (NR-
FeOx), since Fe(ll) oxidation is directly linked to nitrate reduction,
for example through an electron transfer chain (Becker et al. 2021,
2025, Becker and Kappler 2026).

Overall, denitrifying bacteria associated with Fe(ll) oxidation
can be categorized into two groups: heterotrophic denitrifiers
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that cause Fe(ll) oxidation solely through chemodenitrification
(Fig. 1, red bacteria) and NRFeOx. The latter can be further subdi-
vided into chemolithoautotrophic NRFeOx (Fig. 1, green bacteria)
and non-autotrophic NRFeOx. The latter group encompasses (i)
chemolithoheterotrophs (often referred to as mixotrophs), whose
carbon demand cannot be met by inorganic carbon alone and
which depend on organic carbon while benefiting from additional
Fe(ll) oxidation (Fig. 1, blue bacteria), and (ii) organisms for which
the physiological advantage of Fe(ll) oxidation remains unclear
(Fig. 1, yellow bacteria).

Bacterial strains that exhibit nitrate-reducing Fe(ll) oxidation in
the absence of organic carbon are often classified as autotrophs
[reviewed by Bryce et al. (2018)]. However, most of these strains
have not been studied in sufficient detail to verify the sustain-
ability of this metabolism, which is a necessary criterion for such
classification (Bryce et al. 2018). One such understudied represen-
tative is Geobacter metallireducens strain ATCC 53774 (G. metal-
lireducens), a Gram-negative Deltaproteobacterium and metabol-
ically versatile anaerobe that plays an important role in iron and
nitrogen cycling in anoxic environments. G. metallireducens is ca-
pable of utilizing a wide range of electron donors including sug-
ars, fatty acids, and aromatic compounds as well as acceptors, in-
cluding nitrate, Fe(Ill), uranium, and other heavy metals (Lovley et
al. 1987, 1993). A characteristic feature of this organism is its abil-
ity to transfer electrons to poorly soluble substrates, enabling res-
piration with metal oxide minerals (Childers et al. 2002). To facili-
tate this process, G. metallireducens produces conductive pili that
promote electron exchange with poorly soluble materials such as
Fe(lll) (oxyhydr)oxides when soluble electron acceptors are un-
available.

In addition to reducing Fe(lll), G. metallireducens has been
shown to oxidize Fe(ll) in the presence of nitrate as an elec-
tron acceptor (Weber et al. 2006b, Finneran et al. 2002). In
the study of Weber et al., G. metallireducens was incubated in
acetate/NOz~/Fe(lll)-containing medium leading to the formation
of Fe(ll). After acetate depletion, nitrate was spiked as a fresh
electron acceptor, resulting in rapid Fe(ll) oxidation, denitrifica-
tion, and accumulation of NH,* at molar ratios. This approach
does not reflect a strict autotrophic condition. Although acetate
was depleted from the medium, it had previously been assimi-
lated by the cells and was likely stored intracellularly, for exam-
ple as fatty acids. In addition, the medium may contain other or-
ganic compounds, such as exometabolites released during bac-
terial metabolism. Consequently, experiments transitioning from
organic-rich to autotrophic conditions are not ideal for assessing
the physiological capacity for autotrophy. On the other hand, such
transitions are often necessary in experimental designs to allow
cells to adapt to the new environmental conditions using stored
organic carbon.

Here, we conducted an experiment involving multiple trans-
fers of a G. metallireducens culture. The first transfer followed
growth on acetate/NO;~-containing medium and therefore con-
tained cells with recently assimilated organic carbon, whereas two
subsequent transfers were performed under strictly autotrophic
conditions. This approach allowed us to observe Fe(ll) oxidation
behavior under progressively more autotrophic conditions. In do-
ing so, we assessed the sustainability of nitrate-reducing Fe(Il) ox-
idation in G. metallireducens and evaluated whether this organ-
ism has the potential to function as a truly autotrophic nitrate-
reducing Fe(ll)-oxidizer.
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Material and methods

Experimental setup

All cultivations were conducted under a 90% N,/10% CO, at-
mosphere at 30°C. The inoculum for the first transfer was 10%
(vol/vol) of an NO culture harvested in late exponential phase
(~2.2x10° cells ml~* final concentration). The cells were washed
twice with freshwater basal medium lacking Fe(ll) and NO3~, by
centrifugation (10 min, 6200 x g and 20°C), then inoculated on
freshwater basal medium containing 10 mM Fe(l1) (electron donor)
and 4 mM NO3 ™~ (electron acceptor), as well as controls lacking ei-
ther Fe(ll) or NO3~, or lacking both (first transfer, Fig. 2). After 9
days of incubation, nine cultures containing both Fe(ll) and NO3 ™
were harvested, washed (10 min, 6200 x g and 20°C) and used as
inoculum for fresh medium containing both Fe(Il) and NO3;~, only
Fe(ll) and lacking both substrates (second transfer, Fig. 2). Again,
after 9 days of incubation, three cultures of the medium contain-
ing both Fe(ll) and NO3~ were harvested, washed (10 min, 6200 x g
and 20°C) and used as inoculum for fresh medium containing both
Fe(ll) and NO3~ (third transfer, Fig. 2).

Each transfer was accompanied by a positive control using the
acetate-/NO3;~-containing growth medium to access the viability
of the culture under ideal growth conditions. The growth medium
was amended with 0.5 mM Fe(lll)-citrate to supply additional iron
required for sustained growth during nitrate respiration (Senko
and Stolz 2001). In addition, 1 mM ascorbic acid was included to
limit the accumulation of NO, ™, which can inhibit growth under
nitrate-reducing conditions (Weber et al. 2006b). We monitored
inoculated cultures (triplicates) alongside with abiotic controls
for NOs~, NO, ™, N,O, NH, ™, Fe(ll), and Fe(lll) concentrations, cell
number (for cultures without iron) and viability.

Source of micro-organism. Experiments were conducted with
G. metallireducens strain ATCC 53774, originally isolated by Derek
R. Lovley from alluvial sediments of the Potomac River (Lovley
Derek et al. 1987, Lovley et al. 1993).

Media preparation. 30 mM bicarbonate buffered growth
medium was used for strain maintenance, pre-culture and positive
growth control. The medium was made after Weber et al. (2006a)
and contained 10 mM acetate, 20 MM NOs~, 0.5 mM Fe(lll)-citrate
and 1 mM ascorbic acid as growth supporting substrates.

Fe(Il) oxidation, nitrate reduction were evaluated using 30 mM
bicarbonate buffered freshwater basal medium (pH 7.24) as de-
scribed by Bruce et al. (1999) (without NaClO3). The trace element
solution was prepared after Balch et al. and contained the or-
ganic molecule nitrilotriacetic acid (0.078 mM, NTA) functioning as
chelator to dissolve components (Balch et al. 1979). Anoxic media
preparation followed the instructions of Widdel and Bak (1992).
The media were distributed to Schott-bottles using a Widdel-flask.
For the experiment, 10 mM FeSO, and 4 mM NaNOs were added to
the freshwater basal medium using syringes, according to the dif-
ferent setups as shown in Fig. 1. Fifty millilitres of finalized medium
were then distributed into sterile 100 ml serum bottles filled with
90% N,/10% CO,, using syringes. The initial overpressure of the
serum bottles has been adjusted to atmospheric pressure using a
gas trap, prior to inoculation with bacteria.

Sampling procedure. Samples were withdrawn anoxically
through the rubber stopper using a syringe while bottles were gen-
tly mixed by hand inside an anoxic glovebox. Subsamples were
used for cell enumeration and quantification of Fe,r and Fe(ll)ot
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Figure 1 Terminology of nitrate-reducing bacteria causing Fe(ll) oxidation. The term nitrate-dependent Fe(ll) oxidizer is commonly used to describe
these micro-organisms. However, the word dependent may be misleading, as it could imply that the bacteria rely on nitrate as a nutrient. In reality, the
term refers to the requirement of nitrate for the Fe(ll) oxidation process to occur. For this reason, we discourage the use of this terminology. Further, we
use nitrate-reducing Fe(ll)-oxidizers to discriminate the bacteria that directly oxidize Fe(ll) by an enzymatic pathway (chemolithoautotrophic and
non-autotrophic NRFeOx) to heterotrophic denitrifies that cause Fe(ll) oxidation by chemodenitrification (abiotic process). *Intermediate that may

induce chemodenitrification when released by cells.

(including dissolved and solid-phase fractions). The remaining
volume was centrifuged at 12408 x g for 5 min at 25°C, and the
supernatant was used for determination of nitrogen species and
aqueous Fe(ll) [Fe(ll)aq].

Iron samples were diluted 21-fold in SA: HCl (40 mM amidosul-
fonic acid, 1 M HCl) (Granger and Sigman 2009, Klueglein and Kap-
pler 2013). Nitrate samples were diluted 21-fold in distilled water,
whereas undiluted samples were used for NO, ~ quantification. All
samples were stored anoxically at 4°C until analysis. Removed lig-
uid and gas volumes were replaced with 90% N,/10% CO,.

Analytical methods

N, 0 concentrations were determined as described by Grimm
et al. (2024). Briefly, 1 ml of headspace gas was transferred into
helium-flushed headspace vials, resulting in a 1 : 12 dilution. N,O

was quantified using the front pulsed discharge detector of a
TRACE 1310 gas chromatograph (Thermo Fisher Scientific, USA).
Calibration standards ranged from 0.05 to 380 ppm, and dissolved
concentrations were calculated using Henry’s law constant.

Fetot, Fe(ll)or, and Fe(ll),q were quantified using a colorimet-
ric ferrozine-based microplate assay following the procedure de-
scribed by Becker et al. using 96-well microplates and a Multiskan
GO microplate spectrophotometer (Thermo Fisher Scientific, Inc.)
(Stookey 1970, Schaedler et al. 2018, Becker et al. 2025). Relative
Fe(Il)tor (%) was calculated as Fe(ll)iot/Fetot x 100. Absolute Fe(Il)ior
concentrations (mM) were calculated as Fe(ll)iot/Fetot X 10 mM,
where 10 mM represents the initial Fe(ll) concentration.

NO3;~,NO,~ and NH,;* were quantified colorimetrically usinga
continuous-flow analyzer (AA3, SEAL Analytical, Norderstedt, Ger-
many) according to Becker et al. (2025) (Skeggs 1957, Anderson
1979, Becker et al. 2025).
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Figure 2 Overview of experimental setups to evaluate the sustainability of autotrophic nitrate-reducing Fe(ll) oxidation by G. metallireducens. The
heterotrophically grown precultures, harvested at the exponential phase, were washed and transferred (first transfer) to Fe(ll)-oxidizing denitrifying
conditions (autotroph), three negative controls (containing Fe(ll), NO3 ~or neither of both) and a heterotrophic growth control (growth medium
containing acetate and NO3; ™) resulting in ~2.2 x 106 cells ml~? starting concentration. For the second and third transfer autotrophic cultures were
harvested, washed, and transferred to fresh medium.
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Figure 3 Evaluation of autotrophic NO; ~-reducing Fe(ll) oxidation by G. metallireducens after transferring heterotrophically grown (medium containing

10 mM acetate and 20 mM NO5~) and washed cells into autotrophic medium containing 10 mM Fe(ll) and 4 mM NO5~

. Light gray background: first

transfer from heterotrophically grown preculture. Middle gray background: second transfer from a nitrate-reducing, Fe(ll)-oxidizing culture incubated on
autotrophic conditions for 9 days. Dark gray background: third transfer from a nitrate-reducing, Fe(ll)-oxidizing culture incubated on autotrophic
conditions for 18 days. (A) Fe(ll) oxidation. (B) Nitrate reduction. (C) N,O accumulation. N,O measurement of the abiotic control were under the detection
limit (data not shown). (D) Schematic of cultivation procedure showing representative bottles of the autotropic condition. Error bars indicate +1
standard deviation calculated from triplicate measurements. NO,~ concentrations were below the detection limit (data not shown). NH,* data in Fig. S1.

Cell numbers were determined by flow cytometry using an
Attune NXT instrument equipped with an autosampler (Thermo
Fisher Scientific, Inc.) as described in Becker et al. (2025). Culture
samples (100 pl) were diluted with 900 pl 0.9% NacCl followed by
successive 10-fold dilutions up to 10%. The fluorescence day was
BacLight™ Green Bacterial Stain. Note that we could not optimize
the method for bacteria incubated with 10 mM Fe(ll).

Cell viability was assessed using the LIVE/DEAD™ BacLight™
Bacterial Viability Kit according to the manufacturer’s instructions
and examined by fluorescence microscopy using a Leica CTR5500
microscope (Leica Microsystems). Images were processed with Le-
ica Application Suite X.

Statistics. Standard deviations were calculated from replicate
measurements using the sample standard deviation function in
Microsoft Excel (STDEV.S).

Results and discussion

Fe(ll) oxidation depends on NO3~
reduction

To evaluate nitrate-reducing Fe(ll) oxidation under autotrophic
conditions we used five different media: Fe(Il)-/NO3~-containing

medium (autotrophic NRFeOx conditions), Fe(ll) only medium
(control for NOs; -independent Fe(ll) oxidation), NOs3~ only
medium (control for Fe(ll)-independent NOs;~ reduction), basal
medium without electron donor or acceptor (control for growth
supported by trace organic carbon), and acetate/NO; ~-containing
medium (control for viability of culture). For all setups, het-
erotrophic denitrifying cultures of G. metallireducens were
harvested during exponential growth, washed, and transferred
into the respective media (first transfer, Fig. 2).

Cultures incubated under autotrophic NRFeOx conditions
showed NOs;~-reducing Fe(ll) oxidation (Fig. 3A and B) within
9 days after the first transfer. Fe(ll) oxidation accounted to
21.041.3% (2.0940.14 mM) of 10 mM total Fe(ll), which results in
9.5 x 107" mmol cell™! (Fig. 3A). NOs~ reduction was 5.24-3.9%
(0.20+0.15 mM) of 4 mM NOs3~ (Fig. 3B). NO,~ was under the
detection limit for all tested conditions. N,O accumulated to total
31.34+1.90 uM, corresponding to 32% of the 0.20 mM reduced
NO3;~ (Fig. 3C). However, the uncertainty in NO3~ reduction
(£0.15 mM, 74.6%) propagates into a large uncertainty in this
percentage, limiting the confidence of the estimate. The ratio of
Fe(Ioxidized t0 NO3 ™ reduced (Feox: NO3 ™ req) is 10.6£8.0.

Furthermore, we showed that Fe(ll) oxidation required the si-
multaneous presence of NO3 , as no Fe(ll) oxidation was observed
in the Fe(ll) only control, nor was a decrease in NO;  observed in
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the NO3 only control (Fig. 3A and B). However, we did measure
accumulation of total N,O up to 4.63+0.49 uM (14.77% of N,0
formed by the first transfer autotrophic condition). This may re-
flect minor denitrification activity that was not detectable by NO3 ™~
measurements alone, as changes of this magnitude fall within the
analytical uncertainty. The denitrification activity observed in the
NO; only control was not associated with an increase in cell num-
bers (Fig. S2A) and therefore was likely the result of cell mainte-
nance (using trace organic carbon in the medium or stored organic
carbon in the cells as electron donor) but not proliferation.

Biological denitrification to molecular nitrogen proceeds in four
steps (Equations 1—4) with NO,~, NO, and N, 0 as intermediates.
Although NO,~ can also react abiotically with Fe(ll), this reaction is
relatively slow at neutral pH and in bicarbonate-buffered medium,
and biological production of NO,~ would be expected to result
in detectable accumulation (Tai and Dempsey 2009, Becker et al.
2025). Because N,O formation was higher in the Fe(ll)-amended
conditions, we consider N,0O to be a product of nitrate-reducing
Fe(ll) oxidation in G. metallireducens.

2Fe (I1) + NO3;~ + 2HT — 2Fe (lll) + NO,™ + H,0 (1)
Fe (I) + NO;™ + 2HT — Fe (lll) + NO + H,0 )
2Fe (Il) + 2NO + 2H* — 2Fe (Ill) + N,O + H,0 3)
2Fe (1) + N0 + 2H™ — 2Fe (lll) + N, + H,0. (4)

Complete denitrification to molecular nitrogen (N,) requires 10
electrons derived from Fe(ll) (Equation 5), resulting in a theoretical
Fe(ll) oxidation to NO3~-reduction ratio of 5.

10Fe (Il) + 2NO; ™~ + 12H* — 10Fe (IIl) + N, + 6H,0.  (5)

Weber et al. 2006b et al. ( observed an increase in ammo-
nium (NH, %) concentration suggesting Fe(ll) oxidation is coupled
to a process called dissimilatory nitrate reduction to NH,* (equa-
tion 6). In our study nitrate reduction in the autotrophic condition
was only about 0.2 mM. If this was partially converted to NH,™ it
would fall within the technical error of the measurement (the used
medium consists of ~5 mM NH, ™) and thus lays under the detec-
tion limit (Fig. S1).

4Fe (Il) + NO3™ + 10HT — 4Fe (Ill) + NH,t 4+ 3H,0.  (6)

Given the observed Fe(ll) oxidation to NO3~-reduction ratio of
10.68, some electrons derived from Fe(ll) oxidation may have been
diverted to additional metabolic processes other than nitrate-
reducing Fe(ll) oxidation. This additional Fe(ll) oxidation coexist-
ing with nitrate-reducing Fe(ll) oxidation however was not ob-
served in the Fe(ll) only control. Further studies to better quan-
tify nitrate reduction to NH4* or N,O, could be achieved by la-
belled NO;~ (**NO3;~) which helps to discriminate formed NH4 ™"
from NH;™* from the medium itself.

Nitrate-reducing Fe(ll) oxidation under
autotrophic conditions was not
sustainable

After transferring the 9-days old autotrophic culture to fresh
medium containing Fe(ll) and NOs;~, no further Fe(ll) oxida-
tion was observed within 9 days (second transfer) (Fig. 3A).
The culture was subsequently transferred again to fresh
medium, and Fe(ll) oxidation was still not observed within
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another 9 days of incubation (third transfer) (Fig. 3A). Re-
duction of NO3~ was under the detection limit (Fig. 3B),
however the bacteria did show formation of N,O up to
9.10+£0.42 uM after the second transfer and 14.10+£3.91 uM after
the third transfer (Fig. 3C).

This N, 0 formation might be due to slight denitrification activ-
ity (nitrate reduction under the detection limit) using trace organic
carbon in the medium (Rittenberg 1972, Jakus et al. 2021a) and
may have been required by the bacterium for cell maintenance.

In the experiment by Weber et al. (2006b), cultures were incu-
bated with acetate, Fe(lll) and NO3;~, which led to the reduction
of Fe(lll) to Fe(ll). After acetate was depleted and Fe(lll) reduc-
tion had ceased, Fe(ll) oxidation was initiated by spiking cultures
with NO3™. In this case, the metabolome released by the bacte-
ria was still present at the phase of Fe(ll) oxidation. In contrast,
we washed the culture grown with acetate/NO3;~ and transferred
the cells into fresh medium containing Fe(ll) and NO3;~ (first trans-
fer). Both approaches, the one used by Weber et al. (2006b) and
our setup, resulted in comparable Fe(ll) oxidation rates, i.e. We-
ber et al. study: 1.25 x 1078 mmol cell™! day~! and our study:
2.33 x 1078 mmol cell™* day~. However, our experiments, in-
cluding successive transfers, suggest the possibility that stored or-
ganic carbon within the cells (from the previous incubation with
acetate/NO; ™) affects Fe(ll) oxidation, as later transfers, in which
the bacteria probably were depleted in this stored carbon, did not
show any Fe(ll) oxidation anymore.

This effect [Fe(ll) oxidation in the first generation, inoculated
from heterotrophic cultures, but not in later generations] has
been observed in several non-autotrophic nitrate-reducing Fe(ll)-
oxidizers (Bryce et al. 2018), including Thiobacillus denitrificans
(Becker et al. 2025), Pseudogulbenkiania ferrooxidans (Chen et al.
2018), and Acidovorax sp. BoFeN1 (Becker and Kappler 2026), un-
derscoring the importance of successive transfer experiments un-
der identical conditions to accurately assess physiological capac-
ities.

Cell viability of G. metallireducens under
autotrophic, nitrate-reducing,
Fe(ll)-oxidizing conditions

To evaluate cell viability after 9 days of incubation under au-
totrophic conditions, we used Live/Dead staining. Cells treated
with Fe(ll) were stained solely with propidium iodide (PI), indi-
cating compromised cell membranes and cell death. Although
Syto9 (stains intact and defective cells) stained cells were detected
when incubated with basal medium (without electron donor and
acceptor), with NO3~ only and with acetate-/nitrate-containing
growth medium (Fig. 4), they were less bright compared to het-
erotrophically grown G. metallireducens harvested from the ex-
ponential phase as used for the inoculation of the experiment
(Fig. S2, first transfer suspension). In brief, G. metallireducens did
not stain well with Syto9 after incubation of 9 days and did show
a Syto9 fluorescence signal when incubated with Fe(ll). This could
be due to phenotypic differences, for example the production of
conductive pili, which may hypothetically interfere with staining
by preventing dye entry into the cells and subsequent binding
to DNA.
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autotroph

nitrate only

Fe(ll) only

basal medium

growth medium

Figure 4 Micrographs showing cell viability by Live/Dead staining of G. metallireducens cultures 9 days after inoculation with 2.2 x 105 (£17%) cells ml~*
from a heterotrophically grown culture (Fig. 1, first transfer). Red indicates defective cells and green intact cells. Autotroph: NO3~-reducing Fe(ll)-
oxidizing cultures under autotrophic condition (10 mM Fe(ll) and 4 mM NO;~); Basal medium: without electron donor or acceptor; Fe(ll) only: 10 mM
Fe(l); nitrate only: 4 mM NO3 ~; growth medium: 10 mM acetate and 20 mM NO3 .

Attempts to use flowcytometry-based cell couniting of G. met-
allireducens incubated with Fe(ll) were unsuccessful. We tried un-
treated cells and fixation methods such as 10% ethanol, 10% for-
malin, 2.5% polyformaldehyde, and heat treatment (10 min at
70°C) in combination with Syto9, PI, BacLight™ and SYTOX™ Green
staining, using oxalic solution to dissolve iron-minerals (Becker et
al. 2025).

Nevertheless, we conducted cell counting by flow cytometry
of samples taken from incubations with basal medium, NO3~
only and in the acetate-/NO3z -containing growth medium of the-
first transfer where the inoculum was coming from heterotrophic
conditions without Fe(ll) (Fig. S2A). We did not observe any popu-
lation increase in the basal medium without an electron donor or
acceptor present, orin the NO;  only medium without an electron
donor. This was not expected, asimpurities in the medium, such as
dissolved organic matter, can promote slightincreasesin cellnum-
bers following transfer to fresh medium [Rittenberg 1972, Jakus
et al. 2021a, Becker and Kappler 2026 (submitted to FEMS)]. How-
ever, this effect does not appear to occur for G. metallireducens.
The acetate-/NOs ~ -containing growth medium supported growth
as expected, indicating that the bacterial culture used in our exper-
iment was intact and not harmed by cell washing before inocula-
tion.

As an indicator for the viability of the inoculated cells of each
of the three transfers under autotrophic conditions, we quan-
tified nitrate reduction of subsamples incubated in acetate-/
NO; ~ -containing growth medium. We observed typical nitrate re-

duction in cultures inoculated with cell suspensions prepared for
the first transfer and second autotrophic transfer but not for the
third autotrophic transfer (Fig. S2B). This indicates that the nitrate-
reducing, Fe(Il)-oxidizing cell culture incubated under autotrophic
conditions for 9 days and used for the second transfer was still in-
tact. However, the culture used for the third transfer, after a total
of 18 days under autotrophic conditions, became defective. This
suggests that the cells indeed suffered from the incubation with
Fe(Il) only as sole electron donor.

Conclusion—G. metallireducens is a
non-autotrophic nitrate-reducing
Fe(ll)-oxidizer

In our experiments with G. metallireducens, NOs~ reduction
and Fe(ll) oxidation occurred only when both substrates were
present, confirming that G. metallireducens performs nitrate-
reducing Fe(ll) oxidation. This finding is consistent with previous
studies (Weber et al. 2006b, Finneran et al. 2002). However, suc-
cessive transfers under autotrophic conditions demonstrated that
the Fe(ll) oxidation observed in the first autotrophic generation in-
oculated by an acetate-/NOs;~-grown preculture was not sustain-
able. Fe(ll) oxidation could not be maintained in later autotrophic
transfers, indicating that nitrate-reducing Fe(ll) oxidation does not
take place independently of prior organic carbon availability. After
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incubation for 18 days under autotrophic Fe(ll)-/NO3 ~-containing
conditions, G. metallireducens cells showed signs of impairment,
asindicated by their failure to initiate nitrate reduction upon trans-
fer back to acetate-/NO3;~-containing medium (monitored for 9
days). This further evidences that G. metallireducens cannot sus-
tain as autotrophic NRFeOx.

We therefore classify G. metallireducens as a non-autotrophic
nitrate-reducing Fe(ll)-oxidizer. Whether G. metallireducens con-
serves energy from nitrate-reducing Fe(ll) oxidation or can use
Fe(ll) as a growth-supporting lithotrophic electron donor re-
mains unresolved. Consequently, further physiological designa-
tions, such as mixotrophy, cannot be conclusively assigned at
this stage. This question could be addressed through comparative
experiments conducted with and without Fe(ll) as an additional
lithotrophic electron donor, combined with ATP measurements
and quantitative PCR to assess energy conservation and popula-
tion dynamics.

Our findings have important implications for fundamental re-
search conducted under autotrophic or oligotrophic conditions
in which nitrate-reducing Fe(ll) oxidation is investigated, includ-
ing studies related to early Earth analog environments, Mars-
relevant systems, and nitrate remediation in organic-poor subsur-
face aquifers. For modeling nitrate removal in organic-limited en-
vironments, the use of a truly autotrophic nitrate-reducing Fe(ll)-
oxidizer would provide a more accurate representation of natural
processes.

We therefore do not recommend the use of G. metallireducens
under strictly organic carbon-limited (autotrophic) conditions. In-
stead, microbial communities that have been shown to sustain
autotrophic nitrate-reducing Fe(ll) oxidation, such as cultures KS
(previously called Straub culture), BP, AG, and HP, may represent
more suitable model systems (Tominski et al. 2018, Huang et al.
2021a,2021b, Jakus et al. 2021a, 2021b, Grimm et al. 2024).
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